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Abstract:  The microstructural evolution of AZ91D magnesium alloy processed by equal channel angular 
pressing during isothermal heat treatment at 570℃ was investigated. The results indicated that the equal channel 
angular pressing followed by semi-solid isothermal heat treatment was an effective method to prepare semi-
solid nondendritic slurry of AZ91D magnesium alloy. During this process, its microstructure change underwent 
four stages, the initial coarsening stage, the structure separation stage, the spheroidization stage and the ﬁ  nal 
coarsening stage. The microstructural spheroidization effect was the best after being heated for 15 min for the 
alloy pressed for four passes, and the grain size was the smallest. With the further increase of heating time, the 
grain size and shape factor increased. When the heating time was kept constant, the grain size and shape factor 
decreased with the increase of pressing passes.
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agnesium alloys are being paid more and more 
attentions in the fields of aerospace, automobile and 
electron industries because of their many advantages, such 
as light density, high specific strength and toughness, good 
damping properties, dimensional stability and machinability. 
Most of the magnesium alloy components are produced by 
pressure casting, and they cannot be heat treated to further 
improve their mechanical properties 
[1-3]. However, semi-solid 
forming technology has been developed, which offers a new 
method for magnesium alloy forming. With this technology, 
not only can products be made in a near net-shaped form with 
improved microstructure density, but also the formed products 
can be heat treated 
[4-7].
Thixoforming is a commonly-used semi-solid forming 
technology, which is composed of three steps, production 
of nondendritic ingot, reheating and thixoforming. The 
production of nondendritic ingot is the key for thixoforming 
[8-9]. 
The nondendritic ingots can be produced by many methods 
including mechanical stirring, electromagnetic stirring, strain-
induced melt activation (SIMA), semi-solid isothermal 
heat treatment (SSIT), spray-forming and chemical grain 
reﬁ  nement. Unfortunately, some of these methods can result 
in serious melt contamination due to high chemical activity 
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of magnesium; and some of them also require sophisticated 
equipment and large investment; while others are difﬁ  cult to 
be accurately controlled. All of these are seriously limiting 
their applications 
[10, 11]. It is well known that equal channel 
angular pressing (ECAP) is an effective technology for grain 
refinement. It can obviously refine grains, without changing 
dimensions of the treated ingots. Simultaneously, a large 
plastic-deformation strain can be introduced into the ingot. 
Based on the SIMA mechanism, a new way to produce semi-
solid nondendritic magnesium alloy ingots can be developed if 
the ECAP is combined with the SSIT. 
In the present work, an ECAPed AZ91D alloy was SSITed, 
and the microstructural evolution was observed during the 
SSIT process. The effect of heating time on the microstructure 
was investigated by comparison with that of the isothermally 
treated as-cast ingot. The microstructural variation was also 
studied by means of quantitative metallographic analysis of 
the microstructures of the ECAPed alloys prior to being up 
to the solid-liquid equilibrium state during SSIT. The results 
indicated that ECAP-SSIT is an effective method for the 
production of semi-solid magnesium alloy slurry.
1 Experimental detail
The material used in this work is a commercial AZ91D alloy, 
and its composition speciﬁ  cation was 8.3% - 9.7% Al, 0.35% 
- 1.0% Zn, 0.15% - 0.5% Mn, 0.1% Si, 0.03% Cu, 0.002% 
Ni and 0.005% Fe. The AZ91D alloy was remelted at 720 ℃ in 
a 4.5 kW well-type electrical resistance furnace, and poured Research & Development
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into a permanent mould to form some rod castings with the 
dimension of U 18 mm×130 mm. Some of the rods were 
machined into small specimens in size of U 10 mm×10 mm, 
and subsequently, they were isothermally heat treated. The 
other rods were ﬁ  rst machined into the long specimens with 
dimension of U 10 mm×100 mm, and were ECAPed by Bc 
route. The ECAP facility had an internal angle of z = 120° and 
an additional angle ofɹ W = 60° at the outer arc of curvature 
where the two channels intersect. Then they were also cut into 
small specimens with the dimension of U 10 mm×10 mm and 
were isothermally heat treated. All of the specimens were put 
into the chamber of a mufﬂ  e furnace at 570 ℃, and heated (or 
soaked) for different durations ranging 0 - 80 min, and then 
they were rapidly quenched in water. The quenched specimens 
were in turn ﬁ  nished, polished and etched by using 2% HNO3 
aqueous solution. Metallographic observations were carried 
out on Mef-3 optical microscope (OM).
The grain size and shape factor were examined with the 
quantitative metallographic analytical system equipped in 
the OM. At least two typical images were examined for each 
specimen. The area Ai and perimeter Pi of each primary grain 
were measured. The average particle size D was calculated 
with the formula:
D = [∑2(Ai/π)
1/2]/N 
Where N is the total grain numbers in each image, and the 
shape factor F was calculated with the formula:
    F = (∑Pi
2 /4πAi)/N 
If the particles are perfectly spherical, this shape factor has a 
value of 1, but it increases for less spherical grains 
[12].
2 Results and discussion
2.1 Microstructural evolution of the as-cast 
AZ91D alloy during SSIT
Figure 1 shows the microstructure of the as-cast AZ91D alloy, 
which is consisted of the primary dendrites (in white) and 
the eutectic phase discontinuously distributed in the inter-
dendrites. Figure 2 presents the microstructures of the alloy 
heated for different durations at 570℃. At the initial stage 
of heat treatment, the interdendritic eutectics dissolve into 
the primary dendrites and its amount decreases. This leads to 
the rapid merging of primary grains and dendritic arms, and 
thus the coarsening of grains. The microstructure changes 
into a structure with few boundaries (Fig. 2(a)). After being 
heated for 7 min, the microstructure is composed of large and 
irregular blocks and liquid phase (Fig. 2(b)), and the grains 
are not spheroidized. As the duration is prolonged, the large 
blocks begin to separate and the separated gains with irregular 
Fig. 1 Microstructure of the as-cast AZ91D magnesium alloy
(a) 2 min, (b) 7 min, (c) 15 min, (d) 20 min, (e) 25 min and (f) 30 min
Fig. 2 Microstructures of the as-cast AZ91D magnesium alloy after being isothermal heat treated at 570℃CHINA FOUNDRY Vol.5 No.4
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shape have different curvature in different position. As a 
result, the melting points in the different positions are also 
different. Because of the temperature rising in the specimen, 
the positions with low melting points are melted and the 
microstructure is further separated. Simultaneously, the grains 
with irregular shape tend to be more spherical. After being 
heated for 15 min, the microstructure completes its separation 
and the size and shape of the primary grains became more 
uniform and  spherical respectively, and the average grain size 
is about 80 µm (Fig. 2(c)). When the heating duration is up 
to 20 min, the mergence of grains occurs (Fig. 2(d)). At this 
stage, the separation and mergence of the microstructure co-
exist and complete each other. As the heating time is further 
elongated, the mergence become more obvious and the size 
of most grains increases to over 100 µm at the 25 min mark 
(Fig. 2(e)). The shape and size gradually become irregular and 
un-uniform respectively (Fig. 2(f)). Therefore, a semi-solid 
nondendritic microstructure with small and uniform spherical 
primary grains can not be obtained by direct SSIT for the as-
cast AZ91D alloy. Fig. 3 Microstructure of the AZ91D alloy ECAPed for 4 
passes using route Bc 
2.2 Microstructural evolution of the ECAPed 
AZ91D alloy during SSI
(a) Effect of heating time on the microstructure
Figure 3 shows the microstructure of the AZ91D alloy 
ECAPed for 4 passes using route Bc in which the samples are 
rotated by 90℃ in the same sense between each pass. It can be 
seen that the primary dendrites are plastically deformed and 
some of them are broken into small blocks. Figure 4 shows 
Fig. 4 Microstructures of the AZ91D alloy ECAPed for 4 passes heated for different times at 570℃
(a) 2 min
(b) 7 min
(c) 12 min 
(d) 15 min 
(e) 20 min 
(f) 25 min 
(g) 30 min
(h) 60 minResearch & Development
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the microstructures of the ECAPed AZ91D alloys heated 
for different times at 570℃. It can be found that the amount 
of the interdendritic eutectics sharply decreases and the 
original morphology of the dendrites almost disappears. The 
microstructure then become a structure with few boundaries 
(Fig. 4(a)). The results indicates that during the initial heating 
stage, the interdendritic eutectics dissolve/diffuse towards 
the primary dendrites in order to eliminate the composition 
segregation formed during non-equilibrium solidification. 
This causes the decrease of the eutectics and the mergence 
of the grains, and thus a structure with few boundaries is 
formed 
[13]. As the heating time prolonged, the deformed grains 
recrystallize and there are lots of small polygon grains formed 
(Fig. 4(b)). The liquid phase melted from the residual eutectics 
penetrates along the polygon boundaries, and lead to the 
structure separation. The microstructure turns into individual 
polygon grains after being heated for 12 min (Fig. 4(c)). In 
addition, the polygon boundaries from the recrystallization 
offer facile path for the eutectic dissolution, and some eutectics 
with low melting point agglomerate at these boundaries. 
These eutectics are melted as the temperature in the specimen 
increases, which also results in the rapid structure separation. 
Subsequently, in order to reach the solid-liquid equilibrium, 
the protruding edges of the polygon boundaries are melt 
because of their large curvature and low melt point, leading 
to the increase of liquid phase and accelerating the process 
of grain spheroidization. After being heated for 15 min, the 
primary grains change into spherical grains (Fig. 4(d)). When 
the heating time further increased, the spherical particles 
(grains) obviously merge (Fig. 4(e)). The merged particles are 
spheroidized again when heated for 25 min, but their size is 
relative large (Fig. 4(f)). Subsequently, the amount of liquid 
phase does not change, the grain size slowly increases, and 
their shape become irregular (Fig. 4(g) and 4(f)). The solid-
liquid system is up to the equilibrium state. Therefore, it 
can be concluded that the microstructural evolution can be 
divided into four stages, the initial rapid coarsening, structure 
separation, grain spheroidization and final coarsening. In 
addition, it can be found that the ECAP accelerates the grain 
spheroidization: the spheroidization does not begin for the 
as-cast alloy until it is heated for 15 min and the resulted 
grains are quite irregular. While, for the ECAPed alloy, the 
spheroidization process has completed when heated for 15 min 
and the resulted grains are almost in spherical morphology.
For further investigation on the variations of both the grain 
size and shape factor with the heating time after the grains 
spheroidized, the microstructures after being heated for 15 
min were quantitatively examined as shown in Fig. 5. It can 
be seen that both the size and shape factor sharply increases 
from 15 min to 30 min of heating time, and afterwards, they 
increase relatively slowly. From the above discussion, it can 
be known that during the period from the liquid formation 
to achieving the liquid-solid equilibrium state, the evolution 
mainly includes the increase of liquid amount, structure 
separation and grain spheroidization. But, during the initial 
stage, the primary grains are separated by thin liquid ﬁ  lms due 
to the low liquid fraction. This system has large solid-liquid 
interface energy and the neighboring grains might form from 
the separation of a dendrite, and thus the crystal orientation 
mismatch between them is very small. Thus, they are easily 
merged and coarsened, driven by decreasing the interface 
energy. In addition, the coarsening from the Ostwald ripening 
is also active because the distance between the neighboring 
grains is very close 
[14]. At the same time, in order to achieve 
the solid-liquid equilibrium state, driven by the increasing 
liquid amount, the merged grains or not separated grains also 
separate. That is to say that the system is in a competing state 
between the coarsening and separation. As the heating time 
prolonges, the liquid amount increases and the coarsening 
relatively weaken. It can be found, comparing Fig. 4(d), (e), 
(f), (g) and (h), that the liquid amount reaches the equilibrium 
amount when heating for 15 min, and it does not increase as 
the time is further increased. But at this time, there are many 
grains that contact each other. This implies that the grain 
mergence is quite obvious. So the grain size sharply increases 
after being heated for 15 min (Fig. 5(a)). In addition, as 
shown by Fig. 4(e), the mergence makes the grains irregular 
and thus the shape factor also sharply increases (Fig. 5(b)). 
Fig. 5 Variations of the grain size (a) and shape factor (b) with the heating time for the ECAPed AZ91D alloy after 
being heated for 15 min at 570℃CHINA FOUNDRY Vol.5 No.4
238
The interface energy rapidly decreases because of the grain 
mergence, and then the grain mergence weakens with the 
further increase of heating time and the Ostwald ripening 
becomes dominative. This resulted in the decrease of the grain 
growth rate and the shape factor increase rate.
(b) Effect of ECAP passes on the microstructure
The pressing pass is an important parameter for the ECAP 
technique because it directly determines the strain in a 
pressed material. The previous investigation showed that the 
material that was passing the angle received severe shearing 
deformation, and consequently, a large strain was formed in 
the material. The equivalent strain fe stored in the material that 
was pressed for n passes can be approximatively expressed as 
the following formula 
[15].
fe=2ncot (U/2)/  
Where U is the internal angle and is 120° in the present work. 
According this formula, the strains in the materials pressed for 1, 
2, 3, and 4 passes are 0.667, 1.33, 2 and 2.67, respectively.
Figure 6 shows the microstructures of the AZ91D alloys 
pressed for different passes followed by heating for 15 min 
at 570℃. It can be seen that the microstructure is composed 
of irregular blocks when pressed for one pass (Fig. 6(a)). As 
the pass increases, the microstructure begins to separate and 
change into individual polygon grains in some local zones 
(Fig. 6(b)). When pressed for 3 passes, the microstructure 
almost completely evolves into the individual polygon grains 
(Fig. 6(c)). When the pass is up to 4, most of the polygon 
grains become small spherical particles, and their size is 
less than 50 µm (Fig. 6(d)). Therefore, as the pressing pass 
increases, the structure separation and the spheroidization of 
the polygon grains are accelerated, and the resulting grain 
size decreases.
Fig. 6 Microstructures of AZ91D 
alloys pressed for different 
passes followed by heating for 
15 min at 570℃
(a) 1 passes 
(b) 2 passes
(c) 3 passes
(d) 4 passes
As discussed above, the strains in the materials increase with 
increasing pressing pass. The larger the strain is, the higher 
the dislocation density, and thus the more rapid the dissolution 
of the eutectics into the primary grains. In addition, the larger 
the strain is, the smaller the grains from the recrystallization, 
and thus the more the grain boundaries with large angle and 
the higher the free energy of the system, and the easier the 
melting of the residual eutectics. Furthermore, the eutectics 
diffuse towards the dendrites along the polygon boundaries 
and agglomerate at these boundaries. It is just because of these 
reasons that the structure evolution is accelerated and the grain 
size from the structure separation or spheroidization decreases. 
3 Conclusions
(1) The ECAP followed by SSIT is an effective method 
to produce semi-solid nondendritic AZ91D alloy ingot. 
Compared with the as-cast alloy, the ECAP can obviously 
accelerate the spheroidization process of the grains and reduce 
grain size.
(2) During SSIT, the microstructure evolution of the AZ91D 
alloy ECAPed for 4 passes undergoes four stages, the initial 
coarsening, structure separation, spheroidization and final 
coarsening. Correspondingly, the microstructure changes 
from the deformed dendrites to the uniform structure with few 
boundaries, individual polygon grains, spherical grains and 
coarsened spherical grains. 
(3) As the pressing pass increases, the strain in the material 
increases, the size of the resulted grains in the semi-solid ingot 
decreases, and the grains become more and more spherical.
(4) In order to obtain the semi-solid ingot with small and 
spherical grains, a certain level of pressing deformation must 
be given value and the heating time should be controlled Research & Development
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within a range. In the present work, the pressing pass is 4 times 
and the heating time ranges in 15 - 20 min at 570℃.
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